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CHAPTER 1

INTRODUCTION

When a turbulent fluid interacts with a wave spatial variations
occur in the surface stresses and the velocity field. These variations
affect the transport of heat, mass, and momentum at the interfacial
boundary. The prediction of the flowfield over a wave is important to
the understanding of many natural and industrial processes.

The pressure distribution along a wave surface is of major interest
in the problem of wave generation on large bodies of water and in
determining when atomization occurs in two phase flows. Shear stress
variations play an important role in sediment transport in rivers and
in describing interfacial instabilities on thin liquid films. A
knowledge of the surface stresses along a wave is also critical in
predicting the motion of desert sand dunes and the dissoluticn
patterns found in underwater caverns and melting ice.

Previous investigations in this laboratory by Cook [ 171,
Morrisroe [33 ], Zilker [ 48], Thorsness [44 ], and Abrams [ 2 ]
have concentrated on the measurement of the pressure and shear stress
along a solid sinusoidal wave. Experiments were performed with waves
having height to wavelength ratios of 2ad/k = 0.0125, 0.03125, 0.05,
0.125, 0.200 and with a range of flowrates so that 0.0058 < adv/u* <
0.01 where ay is the wavenumber. It was found that for Zad/l < 0.033
and adu*/v < 27 the shear stress is perturbed linearly with wave
amplitude. That.is, the responses can be described by single harmonics
with characteristic amplitudes and phases. For a u*/v > 27 shear

d

stress responses are nonlinear since the profiles become distorted and



can no longer be described by single harmonics. Pressure responses
were observed to be linear for all nonseparated flows. Separation
can occur for waves with Zad/k > 0.033 and the size of the reversed
flow region increases with increasing Zad/x and with increasing
adv/u*. The reversed flow region with 2ad/x = 0.05 waves is very
thin and was observed to disappear approximately at the value of
adv/u* predicted by the solution of the linear momentum equations.

The above observations are consistent with pressure and shear
stress measurements conducted over waves in other laboratories.
Additional pressure measurements were performed by'Staﬁton et.al [43],
Motzfeld [ 34 ], Larras and Claria [ 27 1, Zagustin [47 ], Kendall (241,
Sigal [ 41 ], Beebe [ 8 ], Cary et al. [12 ] and Lin et al. {30] and
other shear stress data were obtained by Kendall [24 ], Sigal [41 ],
and Beebe [ 8 ].

Considerable progress has been made in the modelling of the
pressure and shear stress distributions along waves that have small
enough amplitudes to produce a linear response. The analysis for
this case is greatly simplified since the momentum equations can be
linearized. The critical issue is the specification of the wave
induced Reynolds stresses. The best model to date is the eddy
viscosity Model D* developed by Thorsness [ 44 ] and Abrams [ 2 ].
This model uses the mixing length hypothesis of Lyod, Moffat, and
Kays [31]. The effects of pressure gradient and relaxation are
taken into account by an empirical method that uses one lag constant.
Model D* provides a good prediction of the pressure and shear stress

*
over a wide range of dimensionless wavenumbers, adv/u 5



Measurements of the velocity field over a wave are not as
numerous and detailed as those of surface stresses. Motzfeld [ 3417,
Kendall [ 24 ], Hsu and Kennedy [ 20], Sigal [ 41 ], and Zilker [ 48]
investigated the flowfield above waves under nonseparated flow
conditions. Separated flow over waves has been studied by Beebe [ g8 ],
Zilker [ 48], Buckles [10 ], and Kuzan [25 ]. Only the separated
flow studies of Buckles and Kuzan involved sufficient measure-
ments to give an accurate representation of the spatial variation of
the flowfield and measured close enough to the wave surface to detect
wave-induced perturbations within the lower viscous wall region.

The primary purpose of this thesis is to extend the previous
experimental studies by obtaining detailed measurements of the velocity
field above waves with nénseparated flows. Of particular interest are
reasurements within the viscous wall region which can be used as a
test of the turbulence models of Thorsness [44 ] and Abrams [2 }.
Previous tests of these models have been limited to comparisons with
surface stress data. Two sets of velocity measurements were obtained
at conditions corresponding to flows where linear and nonlinear shear

stress responses are observed. The conditions are 2ad/k = 0.03125,

agv/u’ = 0.008, au™/v = 12.3 and 2a4/) = 0.05, a v/u" = 0.00165,
adu*/v = 95.2 respectively.

The measurements were made in a water channel with a rectangular
cross section of 2.0 in. x 24.0 in. The overall channel length was
about thirty-five feet, with the last five feet at the downstream end
being the test section. The bottom surface of this section was

removable and had wave profiles of wavelength two inches machined



across it. Tests were conducted over the eighth wave in a series
of ten waves. The velocity data consisted of time-averaged and
turbulent intensity profiles in the streamwise direction.

Detailed measurements of the viscous wall region were made
with the laser-Doppler velocimeter (LDV) techniques developed by
Buckles [101]. The technique of obtaining velocities with LDV
has several advantages over the classical hot film and hot wire
methods which were used by Kendall [ 24 ], Sigal [ 41 ], Beebe [ 8 1,
and Zilker [ 48 ]. A LDV requires no calibration, does not disturb
the flow with a physical probe, can detect momentary flow reversals,
and can operate in highly turbulent flows. The key feature of the
LDV used in this study is an optics system containing two beam
expanders. The beam expanders provided a small enbugh measurement
volume to perform velocity measurements as close to the wave surface
as y-plus, ydu*/v, equal to two and ten at the dimensionless wave-
numbers, adv/u*, of 0.008 and 0.00165 respectively. Fifteen to
twenty data points were taken vertically within the viscous wall
region. Good spatial resolution in the horizontal direction was
achieved by conducting velocity measurements every tenth of a
wavelength.

The velocity measurements were obtained over finite amplitude
waves where the application of linear theory is uncertain. There-
fore a nonlinear computer code was developed to predict the flow-
field above finite amplitude waves. The code solves the nonlinear
Reynolds-averaged Navier-Stokes equations using spectral methods

in the flow direction and finite differences in the normal



direction. The code is a modification of the boundary layer program
of McLean [ 32 ] to the flow geometry of waves on the lower wall of
a rectangular channel. Previous linear and nonlinear wavy surface
codes developed in this laboratory [1, 2, 45] have been limited
to the prediction of boundary layer flows.

A comparison of the velocity measurements with linear and non-
linear calculations using the turbulence models of Thorsness [ 44 ]
and Abrams [ 2 ] provides considerable physical insight into the

nature of nonseparated flow over a wave surface.



CHAPTER 2

LITERATURE REVIEW

This chapter reviews the literature on velocity measurements
over solid and rigid two-dimensional sinusoidal wavy surfaces. The
discussion, which is facilitated by using the flow regime map of
Abrams, Frederick and Hanratty [ 3 ], is presented in the chronol-
ogical order in which the measurements were made.

The flow regime map is shown in Figure 2.1. The vertical axis,
Zad/x, is the wave steepness and the horizontal axis is the wave-
number, 2m/X, made dimensionless with respect to wall parameters.
The wall parameters are the friction velocity, u* = /?;73; and the
kinematic viscosity, v, of the fluid. The observed behavior for
flow over solid sinusoidal waves can be divided into three regions:
a region where the flows are separated, a nonseparated region where
the shear stress response is linear, and a nonseparated region where
the shear stress response is nonlinear. Velocity measurements have
been obtained in all three regions.

The first velocity measurements over a wavy surface were
conducted by Motzfeld [34 ]. A pitot tube was used in a low-speed
wind tunnel to obtain mean streamwise velocity profiles above two
sinusoidal waveforms containing six waves with X = 300 mm and values
of 2ad/K equal to 0.05 and 0.100 respectively. Profiles were
taken at severalxd/k positions and strong deviations from the flat
plate profile were observed. The major limitation of this study
was that measurements close to the wave surface could not be obtained
with the pitot tube technique, From Figure 2.1 it is seen that both

sets of measurements were obtained for nonlinear nonseparated flows.
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Kendall [ 24 ] used hot wire probes to measure the velocity field
above a smooth wavy neoprene rubber sheet that comprised a portion
of the bottom floor of a low turbulence wind tunnel. The sheet was
mechanically deformed into twelve sinusoidal waves which could
progress upwind or downwind at a controlled speed. The wavelength
of the waves was four inches and the steepness, Zad/k, was equal to
0.0625. Only one set of average velocity measurements was reported
at zero wave speed. Two streamwise velocity profiles were obtained
at the limits of excursion of the cyclic velocity perturbation about
the wavelength averaged flowfield. The maximum and minimum
perturbations occurred at xd/l==0.96 and xd/k= 0.35 respectively.
Figure 2.1 shows that these data are located in the separated flow
regime. However, noreversed flows were observed even at the closest
measurement point of ydu*/v = 12.4., This is consistent with the
flow visualization experiments of Zilker [ 48 ] which indicate that
the separated region is extremely thin for the wave steepness and
flowrate used by Kendall.

Hsu and Kennedy [ 20 ] studied turbulent air flow in wavy pipes.
The wavy pipes had an average diameter of 0.408 ft. and were con-
structed by forming fiberglass onto wooden mandrels. Hot wire probes
were used to investigate the flowfield over waves with steepnesses,
Zad/k, equal to 0.0222 and 0.0444 and wavelengths of 1.67 ft. and
0.83 ft. respectively. A constant Reynolds number of 1.13 x lO5
based on the average pipe diameter was maintained in the experiments.

Longitudinal components of the mean and turbulent velocities

were measured with a single-wire probe. Tangential and radial



components, as well as Reynolds stresses,were obtained with a
cross-wire probe., Profiles were taken at 1/8th wavelength increments
in the flow direction. Each profile consisted of only about ten
velocity measurements. The closest measurement to the wavy surface
was at approximately y-plus, ydu*/v, equal to 120. It was observed
that the mean velocity profiles at positions symmetrical about the
location of minimum (or maximum) diameter are nearly identical.
Turbulent intensities remained constant along the pipe within a
central core covering about sixty percent of the radius. The data
of Hsu and Kennedy is located in the nonlinear shear stress response
region of Figure 2.1.

Sigal { 41 ] made velocity measurements over two geometrically
similar wavy surfaces in a turbulent boundary layer of a low-~speed
wind tunnel. The waves were constructed of smooth aluminum sheeting
deformed to a sinusoidal shape. The two wavy sheets each contained
five waves of steepness, 2ad/k, equal to 0.055 and had wavelengths
of six and twelve inches respectively. Measurements of the average
and fluctuating velocities parallel to the wave surface were
obtained with a single sensor hot wire probe. In addition, average
and fluctuating velocities in the streamwise and normal directions
as well as Reynolds stresses were obtained with an x-array hot wire
probe. The closest measurements to the wave surface were at about

*
yqu /v equal to ten.

Profiles were taken at only four positions along each wave surface

above the locations where
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1) Cé is a minimum,

2) Cé equals zero and the pressure gradient is negative,

3)Céisammdmm,
and 4) Cé equals zero and the pressure gradient is positive,
where Cé is the local wall pressure coefficient. The four locations
correspond m:xd/k positions of approximately 0.0, 0.25, 0.50, and 0.75
respectively. TFigure 2.1 shows the location of Sigal's data in the
nonlinear shear stress response region of the flow regime map.

Velocity profiles at the crests and troughs showed strong positive
and negative perturbations respectively about the flat plate profile.
These disturbances extended to several thousand y-plus units, ydu*/v,
above the wave surface. 1In contrast, the profiles corresponding to
Cé equal to zero showed smaller perturbations that became negligible
at about y-plus equal to 300. For both pairs of profiles the positive
and negative deviations are approximately equal in magnitude. The
wavelength average profiles are in close agreement with the flat plate
profile. Strong streamwise variations in the turbulent intensities
were also noted.

Beebe [8 ] investigated large amplitude wavy surfaces as a
particular form of surface roughness. Waves with A equal to 4.2 inches
and Zad/k equal to 0.119, 0.238, and 0.405 were constructed out of
styrofoam and covered with felt. Average streamwise velocity profiles
were taken over the crests with a pitot tube. Turbulent intensities
and Reynolds stresses were also measured above the crests with a
two-wire probe. All measurments were performed at conditions within

the separated flow region of Figure 2.l but no velocities within the
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the separated bubble could be obtained with the pitot tube and hot
wire techniques.

The first detailed set of velocity measurements in this
laboratory were obtained by Zilker [ 48 ] over smooth Plexiglas waves
with Zad/x equal to 0.0125, Q.03125, 0.05, 0.125 and 0.200. Each
wave test surface contained ten waves of wavelength two inches and
was part of the bottom wall of a rectangular channel. A split film
sensor was used to obtain average and fluctuating streamwise velocities.
Normal velocities, normal fluctuations and Reynolds stresses were also
measured but are subject to a degree of uncertainty since the normal
velocities had unrealistic values at the center of the channel.
Profiles were taken at one-tenth wavelength increments in the stream-
wise direction. All measurements were made at a Reynolds number of
8000 based on the half channmel height.

Figure 2.1 shows that the above flowrate places the two waves
of smallest amplitude within the linear shear stress response region.
The wave with 2ad/X equal to 0.0125 did not perturb the flowfield
enough to differentiate profiles at any'xd/k position from flat channel
results. Average velocity profile data obtained over the 0.03125
wave surface began to reflect the presence of the sinusoidal boundary.

Flow visualization experiments indicated that reversed flow
regions existed for the waves with Zad/k equal to 0.05, 0.125, and
0.200. The separated region for the 0.05 wave was very thin and
thought to be below the lowest velocity measurement at approximately
ydu*/v equal to ten. This is confirmed by recent LDV measurements

at the same conditions by Kuzan | ] which show that the time
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averaged velocity field does not reverse as close to the wave surface
as ydu*/v equal to two. The reversed flow portions of the flowfields
over the 0.125 and 0.200 waves were much larger and could not be
studied since split film sensors do not distinguish between positive
and negative velocities.

Buckles [10 ] conducted the first detailed study of separated
flow over a wavy surface. The measurements of Zilker were extended
to include the reversed flow regions above waves with 2ad/k = 0.125
and 0.200. A LDV was used to detect negative velocities. Average
and fluctuating velocities were obtained at a Reynolds number of
12,000 based on the half channel height. Profiles were taken at
streamwise increments no greater than one-tenth of a wavelength
beginning as close to the wave surface as y-plus, ydu*/v, equal to
3.5. The size, shape, and extent of the time-averaged separation
bubble was determined for both waves. The thickest point of the
separated region over the 0.200 wave was found to be of the order
of the wave amplitude. The separation bubble above the 0.125 wave
is about omne-third the thickness. It was noted that there is no
position above the wave surfaces where the flow is separated at all
times. Similarities between separated flow over waves and a classical
shear layer were also observed.

Kuzan [ 25 ] extended Buckles work by studying the effect of
flowrate on the separation bubble. LDV measurements were taken above
a wave with 2ad/k equal to 0.200 at a Reynolds number of 30,000. The
separated region was observed to shrink uniformily as the Reynolds
number increases. That is, the separation bubble was inclined in the

trough at the same angle for the two flowrates tested.
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CHAPTER 3

THEORY

This chapter is in three sections. Section I presents a
nonlinear analysis for turbulent flow over finite amplitude waves
in a rectangular channel. 1In Section II the turbulent stress models
used in the above theory are described. Section III gives a check
of the nonlinear analysis by comparing’surface stress results for
very small amplitude waves with the linear theory of Thorsness [44 ]
and Abrams [ 2 ] and with literature data. A comparison of the
nonlinear analysis with the LDV measurements over finite amplitude

waves is given in Chapter 6.

I. Nonlinear Channel Analysis

The linear theory of Thorsness [ 44 ] and Abrams [ 2 ] is strictly
valid only for boundary layer flows with waves of infinitesimal
amplitude. This section discusses a nonlinear analysis and a compu-
tational method for extending the calculations of Thorsness and Abrams
to the case of finite amplitude waves on the bottom wall of a rect-

angular channel. The method is a modification of the boundary layer

analysis of McLean [ 32].

A. Governing Equations

Prediction of the turbulent flowfield over waves of finite amplitude
was achieved by solving the nonlinear Reynolds-averaged Navier-Stokes
equations. These momentum equations are shown below for two-dimensional

steady-state incompressible flow in Cartesian coordinates:
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where ud,ué and vd,vé are time-averaged and fluctuating velocities in the

Xy and Y4 directions respectively. The subscript "d" refers to
dimensional variables.

The wave surface is the sinusoid

Y4 = 84C0s (qud s (3.3)
where ay is the wave amplitude, ocd= 2n/X is the wavenumber and )\ is
the wavelength.
The boundary conditions at the wave surface and the top wall of
the channel are no slip and may be written as
\ - =
ud(xd, ajcosa X ) vd(xd, adcosadxd) 0 (3.4)
and
ud(xd, yT) = vd(xd, yT) = 0. (3.5)



where Y is the coordinate of the top wall of the channel. In the

horizontal direction the boundary conditions are periodic and given by

15

ud(o’ Yd) = Ud()\’ yd)’ (3.6)

and

vd(O,yd) = vd(k,yd)- (3.7)

B. Numerical Solution

It is desirable to perform computations on a rectangular region.
This was accomplished by a conformal mapping of the physical domain

0

A

Xy < A adcos(adxd) < ¥q < Yo to the rectangular region

0

IA

€ £2m; 0 < n g nT, where nT is the transformed coordinate of
the top wall of the channel. The map is given by the following

orthogonal transformation developed by Caponi et al. [ 117]:

; bi coshi(nT -n)
a,X, = € + — sinie = - . (3.8)
d'd i=1 i s:.nh:.nT

E b sinh i(nT -n)
a,y,=n+b - —— cosice - : . (3.9)
d’d o =1 1 s1nh1.nT

The coefficients bi can be chosen to approximate any given periodic

and symmetrical surface. Eleven terms were found to be sufficient to
fit the wave surface Vg4 = adcosudxdfor 2ad/X £ 0.05. Figure 3.1

shows the physical and transformed regions. Equations (3.8) and (3.9)

can easily be modified to accommodate asymmetric surfaces [ 32 ].
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The momentum equations (3.1) and (3.2) were solved in streamfunction-
vorticity form. The streamfunction, wd’ and the vorticity, md, are

defined by,

Svd Ju
W, T 7™ = — , (3.10)
d axd ayd
oY
d
u, = — , (3.11D)
d Byd
and
oY
d
vy = - _Bxd . (3.12)

McLean [ 32] has shown that in the transformed coordinates, (e,n), the

equations of motion become

e, 2%,
w, = =-J + —_— 5 (3.13)
d 2 2
de 2n
and
de awd_amd Blpd— 82 . 82 - )
3¢ an _ on e 7 2| [V T Ve Yy
ag an
2 3 wd azvt azq)d azvt azq;d 82\)t
Y e -2 L it (3.14)
Sxd ayd 3xd8yd8xdayd Byd axd



18
where the Jacobian, J, is defined by
Bzxd Bzxd = ]
J = 5 + 3 (3.15)
de an
In the derivation of equation (3.14) the turbulent stress terms in
equations (3.1) and (3.2) have been modeled with an isotropic eddy
viscosity according to the following constitutive equations:
1 Buy
-u'lu'== R = v 28 =v 2—, (3.16)
dd o) ded t xdxd t 8xd
1 5
—vc'ivc'i-— R =\)t 238 =l 28_’ (3.17)
P Y474 Ya¥4 Y4
and
Bud 8vd
-u'v! =R =v 285 = v |— % —. (3.18)
d d xdyd t xdyd t ayd axd
Models for the eddy viscosity are described in Section II.
The no slip boundary conditions in the transformed region are
awd awd
W (EZ,O) == ¥ (E,O) =0 (3.19)
and
b/ R Ry (3.20)
an =007 3e T :
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at the top and bottom walls respectively. In the horizontal direction
the periodic boundary conditions become
wd<o, n) = wd(zw, n) (3.21)
and
wa(0, M) = wy(2m, n) . (3.22)
In order to resolve the steep velocity gradients near the two
surfaces, the vertical coordinates were stretched according to the
following equation:
tan T[-b(1 = 22)] - tan ~[-b]
z = (3.23)

"o 2tan_l[+b]
where z is the unstretched coordinate and b is a stretching parameter.
Figure 3.2 shows an example of the stretched coordinate system in the
physical domain for Zad/x = 0.05 and b = 5 with a 9 x 81 mesh. Details
of the coordinate system in the near wall region, which is not visible
in this figure due to the fine spacing, is discussed below.

Table 3.1 shows the stretching parameters and the number of
vertical points used for the computational studies of the two wave
steepnesses investigated. These parameters provide the necessary grid
spacing to resolve accurately the flowfield in the vertical direction.
Resolution was verified by reducing the number of grid points from

151 to 81 for the case of Zad/X = 0.05 and Re, = 38,800. Predictions

b

of surface stresses and velocities differed by only about one percent.



Figure 3.2 Stretched Coordinate System in Physical Domain,
Zad/)\ = 0.05, b =5, 9 x 81 Mesh
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The resolution is illustrated in Figures 3.3 and 3.4 which show the
discrete velocity profiles obtained using the parameters in Table 3.1
in a flat channel with Reb = 6400 and 38,800 respectively. These
flat channel profiles represent the average vertical resolution found
over one wavelength. The resolution is slightly higher at the crests
and slightly lower over the troughs due to the transformed coordinates
and the change in cross sectional area. Note that there are 3,4 grid
*
points in the viscous sublayer (ydu /v < 5) and 17,24 grid points in
*
the viscous wall region (ydu /v < 40) for Reb = 6400 and 38,800
respectively. These numbers are also included in Table 3.1.
Numerically, the vertical derivatives are evaluated by finite
differences. The first, second and third derivatives are approximated
as
3¢ . ¢n,m+-1 ¢n,m—l dz (3.24)
an 24z an )
- - v
82¢ . ¢n,m+l 2d>n,m d>n,m—l [35]'
an (AZ)Z n
: b 1 (42
o n,m+1 n,m~-1 | 37z (3.25)
2Az 2
an
and
33¢ 3 ¢n,m+2 - 2¢n,m+l + 2¢n,m—l B ¢n,m—2 el [§£]3
31’13 (Az)3 2 | 9n
¢n,m+l = 2d’n,m + d)n,m-l (52 322 ¢n,m+l i d)n,m-l f83z\
+ > 3(5— > |t 3 (3.26)
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where ¢n,m refers to either the streamfunction wd or the vorticity wye
The derivatives of z arise because of the coordinate stretching.

The horizontal derivatives are evaluated by spectral methods.
Since the flowfield is assumed to be periodic, the streamfunction and
vorticity may be represented by the following discrete Fourier series
at constant n:
N/2-1 .
se)| = T vy el*E (3.27)
I k=tny2 K

where N+1 is the number of points in the horizontal direction (crest to
crest), ej = 2mj/N, and 0 £ § S N, The Fourier coefficients, Y,» are
calculated by a fast Fourier transform routine. The horizontal

derivatives are given by,

3¢ (e.) N/2-1 T
e ‘ S 0 iky, e (3.28)
€ n k=-N/2
and
82¢(E ) N/2-1
—- ‘ =7 (KD Y i (3.39)
d¢e n k=-N/2

Good spatial resolution in the horizontal direction was obtained
with nine points (crest to crest) and four Fourier harmonics. The
nine spectral points are equivalent to épproximately 18 finite
difference points. A rough rule of thumb given by Orszag [35] is
that a finite difference method requires a factor of 2 more re;olution

in each spatial direction than a spectral method to achieve 5-10
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percent accuracy. Tests with 17 points and 8 harmonics gave the
same results for waves with Zad/A = 0.,05.

The discretised equations were solved by Newton's method.
Since the Jacobian matrix has substantial zero structure, a sparse
matrix solver developed by Stadtherr [ 42] was used to lower
storage requirements. A summary of the approximate storage require-
ments and run times on a VAX 11/780 is given in Table 3.2. The
numbers in parentheses refer to values obtained by treating the
Jacobian matrix as full. It should be noted that although the sparse
matrix solver substantially lowered the storage requirements, no
reduction in run times was observed. All runs were performed i
double precision,

Cartesian streamwise velocities were calculated from results

in transformed coordinates by use of the following chain rule

cquation:

Wy Wy oan Ay, e

u (x,,y,) = = + (3.30)
dd’’d ayd an Byd de Byd

A complete listing of the nonlinear channel computer code is

given in Appendix A.



Flow Storage Run
Conditions Mesh Requirement Time
(M bytes) (CPU hours)
2ad/) = 0.03125 9 x 81 1.2 (4.0) 5 (5)
Reb = 6400
2ad/A = 0.05 9 x 151 2.4 20
Reb = 38,800

Table 3.2 Storage Requirements and Run Times

LT
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II. Models for Turbulent Stresses
A channel flow consists of a wall region and a core region where
the eddy viscosities behave differently. The following equation by
Reynolds and Tiederman [ 38 ] was used to describe the eddy viscosity:
,u* 2 0 W2 c 11242

Ve 1 4 274 Y4 74 Y4
=B l+§-»< S l—_ZE- 3—4B——+2h—
v d d d

-y'rl/z 2 |1/2

1 - exp _iéfil_ —-% (3.31)
c VA

where hd is the average half channel height, « is the von Karman
constant, and T4 is the local shear stress in the fluid. The van Driest
parameter, A, is a measure of the thickness of the viscous wall region.
Equation (3.31) is an adaptation for a channel of an expression first
suggested by Cess [13 ] for pipe flow. The expression is a combination
of van Driest's [46 ] wall region law and Reichardt's [ 36 ] middle law.
The Cess profile provides a smooth transition between the inner and

core regions because it is continuous and analytic.

In equation (3.31) the variable yé refers to a physical distance
from either the wave surface or the top wall of the channel. In this
analysis yé is measured from the wave surface for grid points at or
below the center line of constant n. Above this line yé is measured

from the top wall. Three methods of evaluating yé were investigated:



1) along a line of constant ¢,
2) along a line normal to the surface,-

and 3) along a vertical line to the surface.

Figure 3.5 illustrates the three types of distances. The three
distances are identical for waves of infinitesimal amplitude.

It shouldbe noted that for a channel it is not appropriate to
model the eddy viscosity with a mixing length as did Thorsness and
Abrams for a boundary layer flow. Mixing length theories predict
zero eddy viscosity at the channel center. Measurements show that
the eddy viscosity is large and nearly constant in thé core region.

Figure 3.6 shows the Cess eddy viscosity profile for a flat channel

with Reb = 6400, « = 0.48 and A = 33.

The nonlinear channel calculations were performed with turbulence

* *
Models C and D developed by Thorsmess [ 44 ] and Abrams [ 2 1.

*
A. Model C

29

*
Model C is simply the Cess eddy viscosity profile, equation (3.31),

with the flat channel value of the van Driest parameter, A. Although
the value of A is constant, the eddy viscosity varies slightly in

the flow direction since it is a function of the local shear stress.
Turbulent stresses change along the wave due to variations in both

the eddy viscosity and the local rate of strain. See equations (3.16)-

(3.18).

*
B. Model D

* *
Model D is an extension of Model C in which pressure gradient

effects on the turbulence are taken into account. In this model the



NN T L L E E Rt

—-al)— Jine of constant e

grid point — ——— \

center line of
constant n

Figure 3.5 Methods of Evaluating y('l_in Cess Profile, equation (3.31)
(Wave Amplitude Exaggerated)

0t



23 T T T T J T .

<
<|r.f

0 100 200 300 , 400 500 600 700 800

Figure 3.6 Cess Eddy Viscosity Profile (Flat Channel),

Reb = 6400, « = 0.48, A = 33

1€



32

van Driest parameter, A, is used as a scale factor that governs the
thickness of the viscous wall region. The viscous wall region thickens
with increasing negative pressure gradient and thins with increasing
positive pressure gradient. For equilibrium boundary layers Loyd,
Moffat and Kays [31] suggest the following functional dependence on A

+ %3
on the dimensionless pressure gradient, p = (dpd/dxd)(v/pu ),

_ 2
A=A[l+p+kl+p+k2+...] (3.32)

where A is the flat channel value of A and kl and k2 are empirical
constants. Loyd et al. have argued that for a nonequilibrium condition,

such as exists in flow over waves, an effective pressure gradient,

p:ff, should be used in equation (3.21) where

dp p+ p+
ef£ - eff (3.33)
i k
NG
Vv

and kL is an empirical lag constant. This, in effect, introduces a
lag between the imposition of a nonzero pressure gradient and a change

of scale in the viscous wall region.

III. Test of Channel Analysis

The nonlinear channel analysis was tested by comparing surface
stress results for the limiting case of very small amplitude waves
with the linear boundary layer analysis of Thorsness [44] and Abrams

[2] and with literature data. The channel calculations were performed
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with Zhd/A = 1.0, Zad/x = 0.001, « = 0.48, and A = 33. The channel
height to wavelength ratio, Zhd/k, was chosen to correspond to that

of the channel in this laboratory. The dimensionless Qave amplitudes
ranged from adu*/v = 0.0314 at adv/u* = 0.1 to adu*/v = 6.28 at
adv/u* = (0.0005. Since adu*/v was always much less than 27 a

linear response was ensured. Selection of the Cess profile constants,
¢ and A, is discussed in Chapter 5, Section I. All of the calculations
presented in this section used turbulence Model D* with kl = =35,

kz = 0, and kL = 1800 as suggested by Abrams [ 2 ].

Predictions of the amplitude of the shear stress responses are
given in Figure 3.7 compared with the data of Abrams [ 2 ]. Abrams
obtained linear shear stress responses in a channel with Zhd/A = 1.0
and Zad/K = 0.014. This figure shows that with turbulence constants
kl = -35 and kL = 1800 the channel analysis provides the best fit to
the data. The boundary layer calculations underpredict the data and
were found by Thorsness [ 44 ] to be low for the range of contants
-60 < kl < =15 and 1500 < kL < 6000.

Phase angles of the shear stress are given in Figure 3.8. Again,
for kl = -35 and kL = 1800, the best fit to the data is seen with
the channel analysis. Better agreement might be obtained with a
slight reduction of kL. However, the lengthy nature of the channel
calculations prohibited fine tuning of the turbulence constants.

Amplitudes and phases of pressure responses are shown in Figures
3.9 and 3.10 compared with literature data. The amplitudes predicted
by the boundary layer and channel analyses are in close agreement.

However, significant differences in the phase angles are observed
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between the two methods of calculation. At very small udv/u*, where
the flow is in equilibrium with the wave, zero phése shift in the
pressure field is expected (66 = 180°). Here the channel analysis
appears to be qualitatively more correct than the boundary layer
analysis as it predicts a closer approach to 180°. At large

adv/u* the two theories differ greatly. This is not surprising
because the boundary layer analysis of Thorsness and Abrams assumes
a deep logarithmic layer while the logarithmic layer in a channel
is very thin under these conditions. A quantitative check of the
accuracy of the pressure calculations is not possible. This is
because few pressure measurements have been made over wavy surfaces
and those available show large scatter. Comparisons with theory
are further complicated since the literature data-were obtained in

many different flow geometries including boundary layers, channels,

and pipes.

38



39
CHAPTER 4

EXPERIMENTAL EQUIPMENT AND PROCEDURES

The purpose of the experimental work was to obtain velocity profiles
in the visecous wall region (ydu*/v < 40) for turbulent flow over a solid
sinusoidal wavy surface with small enough amplitude that the flow does
not separate. The major disturbances in the flowfield aré expected to
be within this thin region. The profiles will give a better physical
understanding of how the presence of a wavy surface perturbs a turbulent
flowfield and can be used as a test of the turbulence models of
Thorsness [45] and Abrams [ 2].

Fluid velocities were measured using laser-Doppler velocimetry.

This method was chosen because it is a non-obtrusive measurement technique
with a small enough "probe'size to resolve the viscous wall region.

Section I of this chapter describes the flow loop and test section.
Section II discusses the optical traverse and section III describes the

LDV system and data acquisition.

I. Flow Loop and Test Section

The experiments were carried out in a horizontal rectangular water
channel originally built by Cook [17] and later modified by Zilker [48]
and Buckles [10]. A detailed description of this flow loop may be
found in a thesisby Buckles [9 ]. Consequently the description here is
limited to the essential features.

A schematic of the flow loop is shown in Figure 4.1. The rectangular

channel has a cross section 2 in. high and 2 ft. wide and a length of

27.5 ft.
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Figure 4.1 Schematic of Low Loop

1. Test section window

2. Removable wave surface

3. Removable blanking plate

4. Honeycomb

5. Round to rectangular diffusors
6. Annubar flow meter

7. Butterfly throttling valve

8. Bypass diaphragm valve

9. Small pump

10. Large pump
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The first 23.5 ft. of the channel is made of stainless steel and
provides approximately 70 hydraulic diameters for flow development
before the test section. The existence of fully developed turbulent
flow at the entrance to the test section has been verified by Zilker [48]
and Thorsness [44]. The channel is also wide enough that the mean
flow is essentially two~dimensional.

The pump is a Worthington 6CNG84 centrifugal pump with a 5 h.p.
motor that can deliver flow rates of up to 800 g.p.m. This flow rate
corresponds to a channel Reynolds number of 42,000 based on the half
channel height and the bulk velocity.

The downstream end of the channel is a 58 in. long Plexiglas
test section in which the velocity measurements were performed. The
top wall of this section is flat and a portion of the bottom wall
consists of a 24 in. by 27 in. removable sinusoidal wavy surface.

The waves were machined with the mean wave level at the level of the
lower wall. This was to ensure that there was no change in the mean
cross-sectional area. Each side of the test section contains a

5 in. x 1-1/2 in. glass window to allow the laser beams of the LDV
system to pass through one side of the channel and be viewed by the
receiving optics on the other side.

Velocity measurements were obtained over waves of amplitude
0.03125 in. and 0.05 in. at Reynolds numbers of 6400 and 38,800
repsectively. Each wave surface contained ten waves of wavelength
two inches and the tests were conducted over the eighth wave at one-
tenth wavelength ihcrements. Details of the construction of the wave

surfaces may be found in theses by Zilker [48] and Cook [177.
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ITI. Modifications to Optical Traverse

Buckles [10] constructed a traversing mechanism for movement of
the LDV system in the normal and streamwise directions. The traverse
was modified to increase its accuracy of movement and to decrease its
susceptability to vibration. Accurate vibration free movement was
necessary to conduct measurements close enough to a wave surface to
resolve the viscous wall region.

The mechanism's vertical motion is on twin stainless steel
precision ground shafts. They are mounted vertically and parallel to
each other on opposite sides of the unistrut structure that supports
the flow loop. On each shaft are two linear ball bearing pillow
blocks. The bearing blocks are mounted to a vertically movable rigid
cage constructed of aluminum I-beams. Connected to the top of this
cage are a pair of eleven foot I-beams that run perpendicular to the
channel test section. This pair of beams in the optical bed for the
LDV system. Buckles suspended the entire structure by 1/4 inch
steel cables in a sling-type design that raised and lowered the
traverse with a scissors jack. It wag found that this suspension
design did not provide an even enough lifting force on both sides
of the cage to prevent binding in the shaft bearings. As a result
the optical bed underwent a small amplitude seesaw type motion when
moved vertically. The play in the shaft bearings also made the
traverse susceptable to vibration.

The seesaw motion was corrected by supporting the I-beam cage

and optical bed on two lead screws. A drawing of the design is shown

in Figure 4.2.
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Each lead screw is 8-1/2 inches long, one inch in diameter and
turns through a 2-1/2 inch diameter brass nut that is attached to
the cage. The lead screws are pinned to one inch diameter stainless
steel shafts which are mounted vertically and parallel to each other
with a separation distance of 5 feet.

The shafts are supported by a stainless steel collar and rotate
freely in flat race thrust bearings (Figure 4.3). A radial bearing
is mounted under the thrust bearings to keep the shafts aligned
vertically. The entire lower shaft assembly sits on a 3-1/4 in. x
5-1/4 in. x 1-1/2 in. aluminum block which is attached to a second
6 in. x 12 in. x 1 in. aluminum block that is bolted to the floor.

To ensure that the lead screw shafts turn in unison and raise
the optical bed evenly, they are connected mechanically by a system
of four bevel gears and a horizontal 5/8 in. steel rod. A 9 in.
sprocket is mounted on the rod. This sprocket is turned by a 2 in.
sprocket on the end of a 4 ft. roller chain. See Figures 4.4 and 4.5.
A hand crank is attached to the smaller sprocket.

The bevel gears on the lead screw shafts and rod have a 4:1 gear
ratio. The gear ratio between the two sprockets in also 4:1. Thus
a single turn on the hand crank will rotate the lead screw shaft
1/16th of a revolution. This rotation will raise or lower the I-beam
cage and optical bed 0.0125 in. since then are 5 turns per inch on
the lead screws. It was found that the smallest distance that the
bed could accurately be moved was 0.0005 in.

The rigidness of the lead screw design eliminated most of the

vertical vibrations inherent in the suspension design.
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It was also necessary to modify the manner in which the traverse
was moved in the horizontal direction. 1In the design of Buckles [ 9 ]
the optical bed was moved horizontally on linear bearings with a
pulley system using thin steel cables. This pulley system did not
hold the bed stationary. The bed was free to move a little in the
horizontal direction because the cables would stretch slightly when
the heavy bed vibrated.

The horizontal vibration was substantially reduced by eliminating
the pulley system and moving the optical bed on a second pair of lead
screws. The new horizontal traverse design is shown in Figure 4.6.

The pair of lead screws are pinned on each side to 1/2 in. stainless
steel rods that are mounted horizontally and parallel to each other

on the I-beam cage. As in the case of the vertical lead screws, these
rods turn in unison because they are connected mechanically by a
system of 4 bevel gears and a 3/8 in. steel rod. The lead screws

turn through 1 in. x 1-1/4 in. x 2 in. brass nuts attached to the

bed and the rods are rotated by turning a hand crank on a reduction
gearbox. The entire horizontal traverse system is geared so that

a single turn on the hand crank moves the optical bed 0.025 in.

IIT. LDV System and Data Acquisition

The velocity measurements were obtained using a single-channel
dual-beam laser-Doppler velocimeter operated in the forward-scatter
mode. The LDV system used was identical to that of Buckles [ 9]
except for the receiving optics. Therefore only a brief description

of the system and its operation will be given here. Also, for a
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complete description of LDV theory,. the reader is referred to a
report by Adrian [5 ].

The LDV system is shown in Figure 4.7. They system views the
flowfield from the side of the channel. It consists of a 15 mW
Spectra Physics He-Ne laser and TSI Inc. optics and a photomultiplier
tube. A single laser beam is split by prisms into two beams in the
horizontal plane. The beams are focused by a 250 mm focal-length
transmitting lens and intersect to form the measurement volume where
fluid velocity is determined. Two 2.27:1 beam expansion units were
placed in series before the transmitting lens to reduce the
measurement volume dimensions. The measurement volume, defined by

the e_2 intensity distribution of the illuminating beams, is an

3 2

ellipsoid with axes 3.5 x 107> cm, 3.5 x 1073 cm, and 3.8 x 10°2 cm
in the streamwise, normal and traverse directions.

The receiving optics is a TSI Model 9142-2 polarization
separator. A schematic of this unit is shown in Figure 4.8. The
unit can be used to collect and separate scattered light into two
polarities that are perpendicular to each other. Light is collected
with a 350 mm focal-length lens and focused by a 200 mm lens onto
a mirror where it is reflected into a polarization splitter. The
splitter sends horizontally polarized light to one photomultiplier
tube and vertically polarized light to a second tube. The entire
receiving optics unit is part of a LDV system manufactured by TSI to
measure two velocity components that are distinguished by their

polarities. However, for the experiments in this thesis a single

component transmitting system was used where all of the scattered
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light was vertically polarized. Consequently only one photomultiplier
tube was used. The polarization separator was set up in anticipation
of future two-component LDV measurements.

The Doppler signals were frequency shifted by 200~500 KHz to
increase the count rate, lower fringe biasing and to detect negative
velocities if present. Pedestal components were removed prior to
processing with a 100 KHz high-pass filter. The signal processor was
a TSI Model 1090 frequency tracker operated on its 500 KHz and SMHz
ranges.

The water was prepared by filtering out all particles larger than
3 ym in diameter and adding 0.5 pym white latex paint spheres manu-
factured by Dow Chemical Co. The concentration of these seed particles
was such that on the average only one particle was in the measurement
volume at any given time. Under these conditions data rates of
2000-4000 and 4000-8000 samples per second were achieved at Reynolds
numbers of 6400 and 38,800 respectively. The resulting signals from
the tracker had "high data'density" (Adrain [51]); i.e. there were
many velocity samples per Taylor microscale of the flow. In this
region of operation the signals could be assumed to be continuous.
They were filtered at 1 KHz to remove noise and sampled at 80 Hz
by an 8-bit A/D converter. Mean velocities and mean root mean square

fluctuations were calculated by averaging batches of 4000 samples.
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CHAPTER 5

EXPERIMENTAL RESULTS

I. Flat Channel Data

A. Friction Factors

The velocity measurements presented in this thesis are made

nondimensional with respect to wall parameters. Velocities are
T
made dimensionless with flat channel friction velocities, u* ﬁ/(%g:,
obtained from the flat channel electrochemical shear stress data
of Thorsness [ 44 ]. Distances above the wave surface are made dimension-
less with respect to v/u*, where v is the kinematic viscosity. Figure
5.1 shows Thorsness' Fanning friction factor data versus a Reynolds
number, Reb, based on the half channel height, hd’ and the bulk
velocity, Ub' The data are well fitted by the Blasius type equation
1/4

f = 0.0612 Re; (5.1)

”

Equation 5.1 is identical to that obtained by Cohen [ 15] for air flow
in a one inch rectangular channel. The friction velocity is defined

as a function of the friction factor according to the following

equation

u* =7, v £/2

b (5.2)

The channel calculations are also normalized with wall parameters.
However, in order to keep the calculations self consistent and

independent of the data, the friction velocities used were obtained
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by applying the Cess profile to a flat channel. The flat channel
friction factor-Reynolds number relationship predicted by the Cess
profile with « = 0.48 and A = 33 is also shown in Figure 5.1. Good
agreement with the friction factor data is observed.

The values of the von Karman constant and the van Driest para-
meter were selected to give the best fit to equation (5.1). These
values differ from the generally accepted values of « = 0.4l and
A = 25. It is believed that these constants can be adjusted freely
for the Cess profile because they lose some physical meaning due to
the matching process in the derivation of this equatién.

Values of « = 0.48 and A = 33 were used for all wavy surface

channel calculations.

B. Mean Velocities

Thorsness [ 44 ] obtained flat channel velocity profiles at

several bulk Reynolds numbers, Reb, ranging from 5190 to 29,600.

Figure 5.2 shows a comparjison of Thorsness' data at the extremes
of this range with Cess profiles using « = 0.48 and A = 33. Good
agreement is observed. A good prediction of flat channel velocity
profiles with the Cess equation is a prequisite for applying this

eddy viscosity model to the more complicated flow over wavy surfaces.

C. Turbulent Intensities

In order to test the ability of the LDV system to measure
accurately turbulent intensities, measurements of the streamwise
. . / 2, % o - .
intensity, /Y4 /u , were obtained in a flat channel. Figure 5.3
shows intensity data at Reb = 11,000. A maximum intensity of 2.7 in

*
wall units is observed at YU /v = 14. This agrees closely with the
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measurements of Eckelmann and Reichardt [ 18 ], which are also shown

in Figure 5.3. In other channel investigations Compte-Bellot [ 16 ],
Clark [ 14 ], Hussain and Reynolds [ 21 ], and Reischman and Tiederman [ 37 ]
found maximum intensities ranging from 2.5-3.3 at ydu*/v locations of
12-15. The centerline intensity of 1.l is slightly higher than values
from the above literature which range from 0.75-1.0. A possible

source of the increased intensity is vibrations of the optical traverse
and test section.

It should be noted that the literature intensity measurements were
obtained over a wide range of Reynolds numbers. However, comparisons
with the data in Figure 5.3 are valid since both the maximum and
centerline intensities are relatively insensitive to flowrate when
normalized with wall parameters.

A tabulation of the flat channel intensity data may be found in

Appendix B.

II. Flow Regime Map &

Two sets of velocity measurements over waves were taken, one each
in the linear and nonlinear shear stress response regions discussed
in Chapter 2. The set of data in the linear region was obtained over
a wave of steepness 2ad/A = 0.03125 with a dimensionless wavenumber of
adv/u* = 0.008 (Reb = 6400). For the nonlinear set Zad/A was equal to
0.05 and adv/u* was equal to 0.00165 (Reb = 38,800). Figure 5.4 shows
the location of the two sets of data on the flow regime map.

The data consist of time averaged velocity profiles and profiles

of the root mean square value of the fluctuating streamwise intensity.
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An analysis and discussion of the data and a comparison with the

turbulence models described in Chapter 3 is given in Chapter 6.

III. Results for Wave of Steepness Zad/A = 0.03125.

%
The wave steepness Zad/k = 0.03125 and the wavenumber o, ,v/u =

d
0.008 were chosen for the first set of data because a linear velocity
field response was expected under these conditions. A wave of lower
steepness would have produced a closer approximation to a linear
flowfield. However, the wave of Zad/K = 0.03125 was used because
split film measurements of Zilker [ 48 ] indicated that a wave with
Zad/x = 0.0125 did not cause large enough changes in the velocity
profiles to be distinguished from a flat plate profile. A larger
amplitude wave was not used since separation may have resulted
(Zilker [ 48 ]). The wavenumber adv/u* = 0.008 corresponds to the
lowest steady flowrate that can be obtained with the flow loop.
Higher flowrates produce a more nonlinear flowfield by increasing

the dimensionless wave amblitude, adu*/v. The dimensionless wave
amplitude is equal to 12.3. Zilker [ 48 ] observed linear shear

*
stress responses for a,u /v < 27.

d
Measurements of the mean velocity profiles at the ten xd/x
positions are shown in Figures 5.5-5.14. Each profile was obtained
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